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more than two times as large as that of the pristine CNT film. Due to these merits, the electrosorption capacity for sodium chloride (NaCl) of the CNT film electrode (11·39 mg/g) has been greatly improved compared with that of the pristine CNT film (4·52 mg/g), showing a good potential for large-scale practical CDI.
Notation
C 0 initial sodium chloride (NaCl) concentration C m specific capacitance C e final sodium chloride concentrations dV volume of the pore I charge-discharge current I D intensity of D band I G intensity of G band m mass of the active materials P partial pressure of nitrogen P 0 saturated vapor pressure of liquid nitrogen at the specific temperature q e electrosorption capacity R ct charge-transfer resistance R s series resistance r radius of the pore V volume of the sodium chloride solution Dt discharge time DV discharge potential window
Introduction
The exploding growth of population and rapid industrialization have raised a series of severe environmental issues to the society.
Consequently, the sustainability of essential resources, such as fresh water, has attracted an increasing amount of concern, particularly considering that seawater and brackish water account for a large portion of the total water volume on earth. 1, 2 Therefore, developing efficient desalination technologies to remove salts/ions from seawater/brackish water is in urgent demand to acquire fresh water from these resources. 3 Traditional desalination technologies, including membrane separation, thermal separation, reverse osmosis, multistage flash distillation and electrodialysis, 1 have their intrinsic shortcomings, such as high energy consumption, high maintenance costs and significant regeneration difficulties. [4] [5] [6] In comparison, capacitive deionization (CDI), a recently emerged technology for removing cations/anions in water by electrostatic force, has become a hot research topic due to its multiple merits, including high energy effectiveness, simple regeneration, no secondary pollution and low cost. 7 The CDI process basically consists of two stages: (a) the ion adsorption stage, in which the ions are absorbed on the positive/negative electrodes when a voltage is applied, and (b) the release of ions upon the removal of the voltage or application of a reversed voltage. 8 In a CDI device, the electrode is the most essential component, which typically requires a high specific surface area, good electrical conductivity and manageable pore structure to achieve high CDI performance.
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Carbon (C)-based materials, such as activated carbon (AC), 10, 11 AC nanofibers, 12 carbon aerogel, 13 carbon nanotubes (CNTs) 7, 14, 15 and graphene, 16, 17 have been exploited for CDI. In particular, CNTs, with a unique one-dimensional tubular nanostructure, are particularly suitable for CDI, due to their superior structural/ compositional properties, such as suitable pore structure, good physical/chemical stability and excellent conductivity. 18, 19 For example, Dai et al. 20 explored the relationship between the specific surface area and CDI capacity of three kinds of multiwalled CNTs, including unpurified CNTs, purified CNTs and graphitized CNTs. The result indicated that the CDI capacity is proportional to the specific surface area of CNTs, which is essentially determined by multiple parameters, namely, the fabrication temperature, carrier gas flow velocity and atmosphere, during the chemical vapor deposition (CVD) process 21, 22 and the subsequent treatment of CNTs such as purification and carbonization. 20 By far, the actual CDI performance of reported CNT-based electrodes is unsatisfactory, which is mainly caused by the use of binder for the powder-form CNTs to decrease the specific surface area and deteriorate the pore structure of the obtained electrode. 20, 23, 24 Specifically, a conventional CNT-based electrode is fabricated by directly compressing or slurry coating of a mixture of CNT powder, binder and conductive agent on a current collector. 25 In this process, the binders/conductive agents usually lead to severe aggregation of CNTs, block the pores between individual CNTs and consequently hinder the diffusion of ions. 24 Therefore, the development of binder-free CNT-based electrodes with good electronic conductivity and suitable porosity will greatly improve their practical CDI performance.
Herein, aiming to address the aforementioned issues, the authors report a binder-free and continuous CNT film electrode, which was prepared by the using the floating-catalyst chemical vapor deposition (FCCVD) method. By introducing pyrrole into the precursor solution, the morphology of CNTs can be adjusted and optimized. With 2 wt.% of pyrrole in the precursor, a large specific surface area of 198 m 2 /g and a mesoporous structure have been achieved for the obtained CNT film, doubling the electric double-layer capacitance compared to that of the pristine CNT film. Due to these merits, a high CDI capacity of 11·39 mg/g has been achieved for the obtained CNT film, showing the great potential of this material for CDI.
Experiment

Synthesis of CNT film
The CNT films were fabricated by using the FCCVD method. 20 In a typical fabrication, 0·2 g thiophene (C 4 /min) downstream in the furnace tube, thin film was gathered at the bottom of the reactor. By varying the pyrrole content in the precursor solution, CNT films with various structures were prepared. The obtained CNT films were named as CNTs-a, CNTs-b and CNTs-c, corresponding to pyrrole contents of 0, 1 and 2 wt.% in the precursor, respectively.
Material characterization
The morphology of the CNT films was examined by scanning electron microscopy (SEM; Hitachi, S-4800) at an operating voltage of 10 kV, and by transmission electron microscopy (TEM, Jem-2100) at an acceleration voltage of 200 kV. The X-ray diffraction (XRD) patterns of the CNT films were obtained using a D8 Advance diffractometer with a copper (Cu) Ka radiation source at room temperature. The Raman spectra of the materials were recorded by using a laser Raman spectrometer (UK, Renishaw) using 532 nm laser. Nitrogen (N) adsorption and desorption isotherms were collected on an Asap 2020 system (Micromeritics) at 77 K. All the studies of the electrochemical properties, including cyclic voltammetry (CV), galvanostatic charging-discharging (GCD) and electrochemical impedance spectroscopy (EIS), were performed using an electrochemical workstation (CHI 660D, Shanghai Chenhua Co.) on a three-electrode testing system (counter electrode: platinum (Pt) sheet; reference electrode: mercury (Hg)/mercury (II) oxide (HgO)) in 6 M potassium hydroxide (KOH) aqueous solution. The as-prepared CNT films were pressed onto nickel foam under a pressure of 10 MPa for 20 s to prepare the working electrode. The specific capacitance (C m ) was calculated according to the following equation
where I is the charge-discharge current, Dt is the discharge time, DV is the discharge potential window and m is the mass of the active materials.
The adsorption performance of the CNT films was tested by a selfmade CDI device ( Figure 1 ). The sodium chloride (NaCl) aqueous solution (~100 mS/cm, 40 ml) flows into the CDI unit by a peristaltic pump through the inlet at the bottom of the CDI unit (flow rate: 10 ml/min). The voltage used in the experiment was 2·0 V by a direct-current (DC) power. Furthermore, the change in conductivity during the measurement was continuously recorded using a conductivity monitor (DDS-307F) and the relationship between the conductivity and the solution concentration was calibrated before the experiment. Herein, the electrosorption capacity (q e , mg/g) of the electrode was calculated using the following formula
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where C 0 (mg/ml) and C e (mg/ml) are the initial and final sodium chloride concentrations, respectively; V (ml) is the volume of the sodium chloride solution; and m (g) is the total mass of the two working electrodes.
Results and discussion
The CNT film was fabricated by using the apparatus shown in Figure 2 (a). The precursor solution, containing ethanol, ferrocene, thiophene and/or pyrrole, was directly injected into the vertical reaction chamber and carried into the hot zone (1150°C) by the hydrogen carrier gas. The precursor decomposed under the high temperature and formed an aerogel of CNTs, which transformed into CNT film when carried downward by the hydrogen gas to the bottom of the chamber. Finally, the CNT film was collected on the spindle beneath the chamber (Figure 2(b) ). It can be easily unrolled from the spindle, showing good flexibility (Figure 2(c) ). Typically, a single piece of the unfolded film can reach 15 × 12 × 0·01 cm 3 ( Figure 2(d) ), which was fabricated at a spindle rotating speed of 60 revolutions/min and a collection time of 20 min. The as-fabricated CNT film exhibits good mechanical strength and can be twisted into various shapes (Figure 2(e) ). Noticeably, the introduction of pyrrole (1 or 2 wt.%) in the precursor will not affect the apparent mechanical behavior of the obtained film. (Figure 3(c) ), which are randomly distributed throughout the CNT network or between the CNTs or are attached to the long straight CNTs. According to previous studies, the pyrolysis of pyrrole releases free nitrogen atoms, which may promote the formation of five-or seven-membered carbon rings and cause the curving of CNTs (Figure 3(d) ). 26 At a higher pyrrole concentration of 2 wt.% in the precursor (i.e. CNTs-c), the structural change was more obvious (Figure 3(e) ). In this material, the content of long and straight CNTs with a small diameter was substantially reduced, while a large amount of curled CNTs with a relatively larger diameter (c. 40 nm) appeared. Moreover, these curled CNTs are uniformly dispersed in the view and have been the main constituent unit of the CNTs-c film. On the contrary, the amount of the long straight CNTs, which takes a large portion in CNTs-a and CNTs-b, became much less in this material (Figure 3(f) ).
XRD was then utilized to study the crystal structure of the asprepared materials (Figure 4(a) ). The samples show a distinct peak at 26°, corresponding to the graphitic (002) facet of CNTs. Moreover, another peak at 44·7°can also be clearly seen, from to the (110) facet of CNTs. 27 It is worth noting that the full width at half maximum at 26°of the CNT films (i.e. CNTs-a, CNTs-b and CNTs-c) gradually increases with an increase in the pyrrole content, which indicates that CNTs-c with a large number of curved tubes has lower crystallinity compared with CNTs-a and CNTs-b -that is, the presence of pyrrole does not introduce any extra components, but only changes the morphology and the crystallinity of the CNTs.
To investigate better the structural features of the as-synthesized CNT films, the Raman spectra of the samples were also collected (Figure 4(b) ). Two intensive peaks at~1351 (D band) and 1585 cm −1 (G band) 21 can be found on all materials, which are characteristic of the sp 3 -hybridized carbon atoms on the defective sites (D band) and the sp 2 -hybridized carbon atoms in the graphitic framework, respectively. 28 The I D /I G ratios of CNTs-a, CNTs-b and CNTs-c films, which represent the magnitude of the defect in the CNT films, are~0·6,~0·72 and~1·23, respectively, indicating that the graphitic degree gradually decreases with the introduction of pyrrole in the precursor. This is in agreement with the aforementioned XRD results, as well as the morphological/ structural investigations of the materials as shown in Figure 3 .
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X-ray photoelectron spectroscopy (XPS) was then employed to study the surface composition of the CNT films, as shown in Figure 5 . From Figure 5 (a), all the samples show the presence of only carbon 1s and oxygen (O) 1s peaks, at~283 and 533 eV, respectively, and the contents of oxygen in the materials are fairly low (1·74-3·78 wt.%). Interestingly, it is worth noting that no nitrogen signals were detected. This might be attributed to the etching of nitrogen from carbon frameworks at the high temperature (1150°C), which has also been observed in other previous studies. [30] [31] [32] [33] [34] From the high-resolution carbon 1s
spectrum of CNTs-a ( Figure 5(b) ), the fitted peaks appear at
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284·6, 285·2 and 290·1 eV, corresponding to the functional groups -C=C-, -C-C-and -COOH, respectively. For CNTs-b ( Figure 5(c) ) and CNTs-c ( Figure 5(d) ), carbon 1s can be further deconvoluted into four species, the two peaks centered at 284·6 ± 0·2 and 285·2 ± 0·2 eV are typically ascribed to -C=C-and -C-C-and the other two peaks at 286·2 ± 0·2 and 290 ± 0·2 eV are characteristic of the -C-OH and -COOH species. 35, 36 Compared to the pristine CNTs, additional the -C-OH functional group appeared with the introduction of pyrrole and the total amount of oxygen-containing functional group (-C-OH and -COOH) also increased due to the influence of pyrrole, resulting in increased specific surface area and improved CDI performance.
The surface area and porosity of the materials, which have a significant influence on their CDI behavior, were further investigated by nitrogen adsorption-desorption technology ( Figure 6 ). All the CNT films present H3-type isotherms with hysteresis loops in medium-to high-pressure regions (P/P 0 = 0·45-1·0), indicating the presence of both macro-and mesopores on the CNT films. 37 The specific surface area of the materials was then calculated based on the Brunauer-Emmett-Teller model. CNTs-a, CNTs-b and CNTs-c possess specific surface areas of 117, 176 and 198 m 2 /g, respectively. Subsequently, the pore size distributions of three materials were obtained based on the isotherms (Figure 6 insets) . For all the samples, a dominant peak appeared around 18 nm, indicating the existence of large mesopores on the samples. Furthermore, with an increase in pyrrole content, the pore volume (0·414, 0·461 and 0·489 cm 3 /g, corresponding to CNTs-a, CNTs-b and CNTs-c, respectively) of the CNT films gradually increased, due to the increase in the curved tubes. The increased surface area and enlarged pore volume, which come with the introduction of pyrrole in the precursor, would be very favorable for CDI performance by providing a large adsorption area and faster ion transport. 38 Afterward, the materials' performance for CDI was firstly assessed by CV by directly using the films as the working electrode in a 6 M potassium hydroxide solution in a potential region of −1 to 0 V against a mercury/mercury (II) oxide electrode ( Figure 7) . The CV loops of the three CNT film electrodes all showed a quasi-rectangular shape, indicating that the ion adsorption behavior of these materials is according to a quasielectric double-layer manner. 39 Furthermore, both the CNTs-b and
CNTs-c materials have a higher specific capacitance than CNTs-a at all scan rates, indicating a higher deionization capacity for removing more salt ions during CDI. 40 Figure 7(b) shows the GCD curves of the CNT films at a current density of 1·0 A/g. Clearly, the charge-discharge curves are nearly linear over the whole potential range, further confirming that the CNT films exhibit an electric double-layer capacitor behavior. 39 According to Equation 1, the calculated specific capacitance of CNTs-c (40 F/g) is much larger than those of CNTs-a (15·8 F/g) and CNTs-b (17·3 F/g), because the discharge time of the CNTs-c electrode is obviously longer than those of the other two electrodes. The specific capacitance of the CNTs-c film electrode is about 2·5 times that of CNTs-a and about 2·3 times of CNTs-b, thus suggesting its better CDI performance, which can be reasonably 
attributed to the higher specific surface area providing more ion adsorption sites.
Figure 7(c) shows the Nyquist plots of the EIS spectra of the materials. The plot is composed of a small semicircle in the highfrequency region and a linear component in the low-frequency region. The intercept of the semicircle on the real axis at high frequency represents the equivalent series resistance (R s ), and the diameter of the semicircle corresponds to the charge-transfer resistance (R ct ) of the electrode. 40 As shown in Figure 7 (c), the diameters of the semicircles in all plots are very small, suggesting a negligible interfacial electron-transfer resistance on all the three materials. In other words, the introduction of pyrrole maintains the excellent conductivity of the CNT film, which is favorable for its CDI performance. In addition, the R s of the CNTs-c electrode is merely~0·63 W, which suggests a higher charge-discharge rate and a highly efficient electrosorption behavior. Moreover, the slope of the straight line for CNTs-c is also much larger than those of CNTs-a and CNTs-b, further confirming the very facile diffusion of the salt ions onto the electrode surface, which can be attributed to the mesoporous structure caused by the pyrrole. In addition, the specific adsorption capacity of the CNTs-c film is 11·39 ± 0·3 mg/g, which is 1·68 times higher than that of CNTs-b (6·76 ± 0·3 mg/g) and 2·5 times higher than that of CNTs-a (4·52 ± 0·3 mg/g), respectively, clearly showing a much enhanced desalination capacity, which can be attributed to its higher specific surface area and larger pore size/volume.
To study further the CDI stability of the materials, multiple adsorption-desorption cycles were afterward carried out on the materials, with the adsorption and desorption time both set at 20 min (Figure 8(b) ). As shown, the reduction in the solution conductivity of the CNTs-c electrode was always larger than those of the CNTs-a and CNTs-b electrodes in every cycle, suggesting that CNTs-c exhibits a more rapid and efficient adsorption of the salt ions. As illustrated in Figure 8 (c), the capacity of the CNTs-c 
electrode after each cycle is calculated to be 11·73, 11·37, 11·35 and 11·60 mg/g, corresponding to a very stable adsorption capacity in these four cycles and confirming that the CNTs-c film could be thoroughly regenerated for CDI without applying any extra driving energy, which is the key for large-scale applications.
Based on the aforementioned characterizations and performance evaluations, the best performance of the CNTs-c material can be attributed to several aspects. Firstly, when pyrrole is introduced into the precursor solution, the obtained CNTs turned from the long and straight structure in CNTs-a into a curved form in CNTs-c. This will lead to an enlarged pore size of the film, which makes the CNT films more accessible to salt ions, leading to faster CDI. Secondly, with the introduction of pyrrole, the specific surface area and pore volume could also be increased. As a result, the obtained CNT film can absorb a larger number of ions, which is crucial to achieving a higher CDI capacity. Thirdly, although relatively more defective sites exist in CNTs-c, its electronic conductivity is, however, not obviously affected, as can be evidenced from the EIS results, greatly facilitating the electrochemical CDI process on this material. These advantages thus comprehensively result in the best CDI performance on this CNTs-c material, in comparison with both CNTs-a and CNTs-b.
Conclusion
In summary, freestanding CNT films with a high specific surface area and tunable structures were synthesized by using the FCCVD method. The introduction of pyrrole in the precursor has resulted in a significant structural change and a tunable pore structure in the obtained CNT films, making them favorable for CDI application as electrode materials. For the CNTs-c film that was prepared with 2 wt.% of pyrrole, its specific electrosorptive capacity reached 11·39 mg/g. Furthermore, the freestanding CNT film with a large specific surface area and a reasonable pore structure is suitable for the large-scale application of CDI.
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